c Symbioses between leguminous plants and soil bacteria known as rhizobia are of great importance to agricultural production and nitrogen cycling. While these mutualistic symbioses can involve a wide range of rhizobia, some legumes exhibit incompatibility with specific strains, resulting in ineffective nodulation. The formation of nodules in soybean plants (Glycine max) is controlled by several host genes, which are referred to as Rj genes. The soybean cultivar BARC2 carries the Rj4 gene, which restricts nodulation by specific strains, including Bradyrhizobium elkanii USDA61. Here we employed transposon mutagenesis to identify the genetic locus in USDA61 that determines incompatibility with soybean varieties carrying the Rj4 allele. Introduction of the Tn5 transposon into USDA61 resulted in the formation of nitrogen fixation nodules on the roots of soybean cultivar BARC2 (Rj4 Rj4). Sequencing analysis of the sequence flanking the Tn5 insertion revealed that six genes encoding a putative histidine kinase, transcriptional regulator, DNA-binding transcriptional activator, helix-turn-helix-type transcriptional regulator, phage shock protein, and cysteine protease were disrupted. The cysteine protease mutant had a high degree of similarity with the type 3 effector protein XopD of Xanthomonas campestris. Our findings shed light on the diverse and complicated mechanisms that underlie these highly host-specific interactions and indicate the involvement of a type 3 effector in Rj4 nodulation restriction, suggesting that Rj4 incompatibility is partly mediated by effector-triggered immunity. P lants of the legume family can effectively make their own fertilizers by forming symbioses with a diverse group of nitrogen-fixing soil bacteria known as rhizobia. This cross-kingdom collaboration is characterized by the formation of the root nodule, a specialized plant organ that provides an optimized environment in which the bacteria convert atmospheric nitrogen into ammonia. The symbiotic interactions between leguminous plants and Rhizobium bacteria show high species specificity, which is determined by the exchange of signal molecules. The best-known determinants of host specificity derived from rhizobia are the so-called Nod factors (NFs), which comprise a family of lipochitooligosaccharides with various strain-specific chemical decorations (1). Legume roots excrete flavonoid compounds that can interact specifically with the rhizobial transcriptional factor NodD. Activation of NodD induces the expression of nodulation genes in rhizobia, which are required for the synthesis of NFs (2, 3). NFs are received by host NF receptors (NFRs) and activate host signal transduction pathways that lead to root hair infection and nodule organogenesis (2, 3). A recent study showed that introduction of the putative NFRs NFR1 and NFR5 of Lotus japonicus into Medicago truncatula initiated nodulation of the transgenic roots by the L. japonicus symbiont Mesorhizobium loti (4, 5). Thus, NFs and their receptor proteins contribute significantly to the determination of host specificity in root nodule symbiosis.
P
lants of the legume family can effectively make their own fertilizers by forming symbioses with a diverse group of nitrogen-fixing soil bacteria known as rhizobia. This cross-kingdom collaboration is characterized by the formation of the root nodule, a specialized plant organ that provides an optimized environment in which the bacteria convert atmospheric nitrogen into ammonia. The symbiotic interactions between leguminous plants and Rhizobium bacteria show high species specificity, which is determined by the exchange of signal molecules. The best-known determinants of host specificity derived from rhizobia are the so-called Nod factors (NFs), which comprise a family of lipochitooligosaccharides with various strain-specific chemical decorations (1) . Legume roots excrete flavonoid compounds that can interact specifically with the rhizobial transcriptional factor NodD. Activation of NodD induces the expression of nodulation genes in rhizobia, which are required for the synthesis of NFs (2, 3) . NFs are received by host NF receptors (NFRs) and activate host signal transduction pathways that lead to root hair infection and nodule organogenesis (2, 3) . A recent study showed that introduction of the putative NFRs NFR1 and NFR5 of Lotus japonicus into Medicago truncatula initiated nodulation of the transgenic roots by the L. japonicus symbiont Mesorhizobium loti (4, 5) . Thus, NFs and their receptor proteins contribute significantly to the determination of host specificity in root nodule symbiosis.
Recently, the type 3 secretion systems (T3SSs) of rhizobia have been implicated in the fine-tuning of the host range in a genotypespecific manner (6) . T3SSs have been identified in a wide range of rhizobia, including Rhizobium sp. strain NGR234 (7), Sinorhizobium fredii USDA257 (8) , S. fredii HH103 (9) , M. loti MAFF303099 (10) , Bradyrhizobium diazoefficiens (formerly Bradyrhizobium japonicum) USDA110 (11) , and Bradyrhizobium elkanii USDA61 (12) . Mutational analyses of these rhizobia have shown that the T3SS affects nodulation either positively or negatively, depending on the host plant. For example, in B. diazoefficiens USDA110, deletion of tts genes led to a reduced nodule number with Macroptilium atropurpureum cv. Siratro and delayed nodulation with soybean (11) . In S. fredii USDA257, the T3SS prevented rhizobial infection in the soybean cultivar McCall (13, 14) . Inactivation of the T3SS affected the ability of Rhizobium sp. NGR234 to nodulate a range of tropical legumes (15) .
Natural variation in symbiotic specificity has been well documented in soybean plants (Glycine max) (16) . The formation of symbiotic root nodules in soybean plants is controlled by several loci, referred to as the rj or Rj loci (17) . The recessive alleles rj1 and rj5 were identified to be putative NF receptors and are referred to as nfr1 and nfr5, respectively (17) (18) (19) , and rj7 was identified to be nts1, which is involved in the systemic regulation of nodulation (20, 21) . In contrast, the dominant alleles Rj2, Rj3, Rj4, and Rfg1 have unique features that restrict nodulation with specific strains. The dominant nature of these genes is in contrast to the loss-offunction recessive alleles (rj1) in NFRs (18, 22, 23) . Rj2/Rfg1 restricts nodulation with B. japonicum USDA122 and S. fredii USDA257 (24, 25) . Soybean varieties containing the Rj4 allele are incapable of nodulation with B. elkanii USDA61 and B. japonicum Is-34 but compatible with B. japonicum USDA110 (26) . USDA61 is incompatible with carriers of the Rj4 allele, such as soybean plants of the BARC2 cultivar, but compatible with carriers of the rj4 allele, such as soybean plants of the BARC3 cultivar, which is a nearly isogenic line of BARC2 (27) . These studies showed that Rj4 incompatibility is strain specific and cultivar specific and appears to resemble gene-for-gene resistance in plant-pathogen interactions. This idea is supported by the finding that the Rj2/Rfg1 gene encodes a member of the Toll-interleukin receptor/nucleotidebinding site/leucine-rich repeat (TIR-NBS-LRR) class of proteins, which is typically involved in resistance to microbial pathogens (28) .
B. elkanii fixes atmospheric nitrogen efficiently via symbiosis with soybean plants and is widely used as an inoculant for soybean plants in Brazil (29) . However, B. elkanii USDA61 is incompatible with soybean varieties carrying the Rj4 allele, which are found at high frequencies (Ͼ60%) in Southeast Asian countries, such as Myanmar, Indonesia, Malaysia, Thailand, and Vietnam, and at lower frequencies in northern Asia. Recently, it was reported that soybean plants carrying Rj4 inoculated with a T3SS mutant of B. elkanii exhibited nodules (12) . The specific genes and functional properties of B. elkanii that are involved in the nodulation restriction of soybean varieties carrying Rj4 have not yet been elucidated. Here we identified the genetic loci in B. elkanii that regulate incompatibility with soybean varieties carrying Rj4 through transposon mutagenesis and subsequent screening of the mutants that overcame the nodulation restriction associated with the Rj4 allele.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The bacterial strains and plasmids used in this study are listed in Table 1 . B. elkanii cultures were grown at 28°C in arabinose-gluconate (AG) medium (30) supplemented with appropriate antibiotics (50 g/ml polymyxin and 200 g/ml kanamycin). Escherichia coli strains were grown at 37°C in Luria-Bertani medium (31) supplemented with 50 g/ml kanamycin.
Transposon mutagenesis and screening. The transposon mini-Tn5 was introduced into B. elkanii strain USDA61 by conjugation using E. coli strain S17-1 carrying the plasmid pUTKm (32) and E. coli HB101(pRK2013), as described by Krause et al. (11) . Strains with transposon insertions were selected on AG agar plates containing 50 g ml Ϫ1 polymyxin and 200 g ml Ϫ1 kanamycin. G. max cv. BARC2 seeds were surface sterilized with 70% ethanol for 1 min and then with 1% sodium hypochlorite for 30 s. The seeds were washed 10 times with sterilized distilled water, placed in a petri dish on wet sterile paper, and incubated at 25°C for 3 days under dark conditions. After 3 days of incubation, the germinated seedlings were sown in a plant box (CUL-JAR300; Iwaki, Tokyo, Japan) containing sterile vermiculite and watered with Broughton and Dilworth nitrogen-free plant nutrient solution (33) under a 16-h light and 8-h dark cycle in a plant growth cabinet (LPH-410SP; NK Systems Co. Ltd., Osaka, Japan). Two days after the transfer, the BARC2 (Rj4 Rj4) plants were separately inoculated with the Tn5 mutants.
After 28 days of cultivation, the nodules were sampled and immersed in 70% ethanol for 1 min, sterilized with a 1% NaOCl solution for 1 min, and rinsed with distilled water five times. The sterilized nodules were crushed in 0.5 ml of 0.9% NaCl using a sterilized toothpick. An aliquot of the crushed nodule suspension was streaked on AG medium with 200 g ml Ϫ1 kanamycin and 50 g ml Ϫ1 polymyxin and incubated for 7 days at 28°C.
Cloning and nucleotide sequence analysis of the region flanking Tn5. Genomic DNA was extracted from the Tn5 mutant strains using a Wizard genomic DNA purification kit. The sequences flanking the transposon were amplified using the Y-linker method (34) . The oligonucleotides used in this experiment are shown in Table 1 . The Y linker was designed to have a 3= overhang complementary to the sticky end generated by the NlaIII restriction enzyme. The genomic DNA was digested with NlaIII and ligated with the Y linker. The PCR was carried out using a Kapa Taq Extra HotStart system (Nippon Genetics Co., Tokyo, Japan). The thermal cycling conditions were as follows: initial denaturation was carried out for 2 min at 95°C, followed by 35 cycles of denaturation, annealing for 30 s at 58°C, and extension for 90 s at 68°C. After the final cycle, an extension step of 5 min at 70°C was added. The PCR products were analyzed on a 2% agarose gel and stained with ethidium bromide. The PCR fragments were sequenced directly using the Tn5-specific primer. Homology searches were carried out using the BLASTN program in RhizoBase, a genome database for rhizobia; the National Center for Biotechnology Information (NCBI) website; and an in-house database for the B. elkanii USDA61 genome (T. Kaneko, unpublished data).
In order to confirm that the observed phenotypes of the mutants were caused by transposon insertion and not by a secondary mutation independent of the transposon, genes encoding a putative DNA-binding transcriptional activator and cysteine protease, which were identified from BE3-4 and BE2-5, respectively, were mutated via single-crossover recombination. For this, internal regions of genes encoding a putative DNAbinding transcriptional activator and cysteine protease were amplified by PCR. The primers 3-4int_F and 3-4int_R were used to amplify the internal region of the gene encoding a putative DNA-binding transcriptional activator; the primers 2-5int_F and 2-5int_R were used to amplify the internal region of the gene encoding a putative cysteine protease. The PCR products were cloned into the vector pSUPSCAKm and were mobilized into B. elkanii USDA61 via conjugation as described previously (12) . The mutants generated by integration of the plasmids were selected on PSY medium containing polymyxin and kanamycin. Integration of the plasmids was confirmed by PCR.
For microscopic analysis, nodules were excised from roots, immediately fixed with 0.1 M cacodylate buffer containing 2.5% glutaraldehyde, and incubated overnight at 4°C. Sections were obtained by hand using a razor blade. The nodule sections were observed using a stereoscopic microscope (SZX9; Olympus, Tokyo, Japan).
Nucleotide sequence accession numbers. The sequences of mutants BE4-3, BE6-3, BE3-4, BE2-1, BE2-5, and BE7 have been submitted to GenBank and may be found under accession numbers KT267565, KT267566, KT267564, KT267562, KT267563, and KT267567, respectively.
RESULTS
Random mutagenesis using the Tn5 transposon followed by screening for nodulating mutants carrying the Rj4 allele was performed to investigate the molecular mechanisms underlying the incompatibility of Rj4-carrying varieties with USDA61. About 12,000 Tn5 mutants of USDA61 were inoculated into 30 seedlings of the BARC2 cultivar, which were not nodulated by parental strain USDA61. Through a comparison with the symbiotic phenotype of wild-type strain USDA61, Tn5 mutants were isolated from the nodules formed on soybeans of BARC2. Kanamycinresistant strains were isolated from the nodules and reinoculated into BARC2 plants to confirm the nodulation ability. Six mutants (BE4-3, BE6-3, BE3-4, BE2-1, BE2-5, and BE7) were confirmed to nodulate soybean varieties carrying the Rj4 allele: plants inoculated with these mutant strains clearly exhibited higher nodule numbers (7 to 81 nodules per plant) than wild-type strain USDA61 (0.67 nodule per plant).
To characterize the symbiotic phenotype of these mutants, we performed inoculation tests on BARC2 and measured the nodule numbers, nodule weights, and plant fresh weights 30 days after the inoculation of Tn5 mutants ( Fig. 1 and 2 ). Wild-type strain USDA61 formed only a small number of nodules on BARC2 plants. Symptoms of nitrogen deficiency were observed, and plant growth was severely impaired (Fig. 1) . With the exception of the weak nodulation phenotype of BE6-3, all of the mutants tested were able to form mature nodules and had a plant growth-promoting effect on BARC2, suggesting efficient nitrogen-fixing activity (Fig. 1) . We then performed inoculation tests with the BErhcj mutant, which has a mutation in the essential component of the T3SS, the rhcj gene, and therefore cannot secrete effector proteins. BErhcj mutants formed nodules on BARC2 plants and promoted plant growth: the fresh weight of BErhcj-inoculated plants was almost twice that of noninoculated control plants or USDA61-inoculated plants. This showed that the T3SS of USDA61 has a strong negative effect on the nodulation of soybean varieties carrying the Rj4 allele.
Although all of the mutants formed nodules, they each exhibited a slightly different symbiotic phenotype. The nodules were classified into two types by size (Ͻ2 mm and Ն2 mm), and the number of each was scored. The BE7 mutant formed about 80 nodules per plant, which was the highest number among the Tn5 mutants (Fig. 2a) . However, about 70% of the nodules were smaller than 2 mm, and the nodule weight per plant was only 0.4 g ( Fig. 2a and c) . The BE3-4 mutant exhibited the strongest plant growth-promoting effect, with the plant fresh weight being 10 g (Fig. 2a to c) . The BE3-4, BE2-1, and BE2-5 mutants had a greater number of large nodules than the other mutants and a higher nodule weight per plant (Fig. 2a and c) . The BE6-3 mutant formed only a few nodules on BARC2 plants and had a nodule weight of only 0.3 g (Fig. 2a and b) . Thus, BE6-3 had only a weak plant growth-promoting effect compared with that of the control plants (Fig. 2b) .
Microscopic analysis of the nodules showed that those formed by Tn5 mutants were similar to the typical soybean nodules formed by B. elkanii strains (Fig. 3) . There was red coloration inside the nodules, indicative of leghemoglobin expression, which suggested efficient nitrogen-fixing activity and successful infection of Tn5 mutants (Fig. 3) . The size and shape of the nodules formed by the Tn5 mutants were comparable to those of the BErhcj mutants.
To identify and characterize the genes disrupted by the Tn5 insertion, Y-linker PCR was performed using the genomic DNA of these mutants. The results showed that all of the mutants contained the Tn5 fragment and that the PCR fragment size differed for each. A BLAST search of the sequences flanking Tn5 revealed that they were all present in the complete genome of B. elkanii USDA61, which has been completely sequenced (Kaneko et al., unpublished). Among the mutants, the Tn5 insertions were located in different regions of the USDA61 genome. The BE4-3 mutant had a Tn5 insertion in the 2,049-bp open reading frame (ORF) encoding histidine kinase which showed similarity to the Xanthomonas axonopodis pv. citri cvgSY gene (GenBank accession no. AAM36539.1) ( Table 2 ). BE6-3 had a Tn5 insertion in the 1,098-bp ORF encoding a transcriptional regulator which had 38% identity with the nwsB gene of Agrobacterium radiobacter (GenBank accession no. ACM30865.1). BE3-4 contained a Tn5 insertion in the 900-bp ORF encoding a DNA-binding transcriptional regulator which had 58% identity with the gcvA gene of Pseudomonas fluorescens (GenBank accession no. AEV63066.1). BE2-1 carried a mutation in the 1,131-bp ORF encoding a phage shock protein, and BE7 carried a mutation in the 171-bp ORF encoding a transcriptional regulatory protein (Table 2 ). In the BE2-5 mutant, a Tn5 insertion was found in the 3,987-bp ORF encoding cysteine protease (Table 2) ; notably, this gene had 26% identity with Xanthomonas campestris pv. vesicatoria xopD (GenBank accession no. CAJ22068.1), which is known to be a type 3 effector protein. Unfortunately, we could not isolate any mutants with mutations in genes related to the T3SS machinery.
In order to confirm that the observed phenotypes of the mutants were caused by transposon insertion and not by a secondary mutation independent of the transposon, we reintroduced the mutations into the wild-type background. Genes encoding a putative DNA-binding transcriptional activator and cysteine protease, which were identified from BE3-4 and BE2-5, respectively, were mutated via single-crossover recombination. The newly constructed mutants, designated BE3-4S and BE2-5S, respectively, were inoculated on BARC2 plants, and their symbiotic phenotypes were compared with the symbiotic phenotype of wild-type strain USDA61. As a result, both BE3-4S and BE2-5S formed numerous mature nodules like the transposon mutants did, while wild-type strain USDA61 formed only a small number of nodules (Fig. 2) . These results confirm that the genes with transposon insertions were responsible for the altered nodulation phenotypes.
DISCUSSION
This study used Tn5 mutagenesis and screening for mutants compatible with soybean plants carrying the Rj4 allele to investigate the molecular mechanism of incompatibility with soybean plants carrying Rj4. Rj4 is a dominant allele that discriminates groups of rhizobia and determines host specificity in a strain-specific (or serogroup-specific) manner (16) . This is in contrast to the nodulation restriction mechanism of the recessive rj1 allele, in which rhizobia cannot activate the host signaling pathway due to a lack of NFRs. The incompatibility with soybean plants carrying the Rj4 allele appears to be more similar to gene-for-gene resistance in plant-pathogen interactions. We speculated that rhizobia might be able to activate NF signaling in host plants but are rejected due to a strong defense response induced by factors acting as negative regulators of infection. The successful isolation of mutants compatible with soybean plants carrying Rj4 in the current study supports our speculation that inactivation by a Tn5 insertion abolishes the production or secretion of such negative factors in Rj4 incompatibility.
T3SSs play important roles in plant-pathogen interactions. Effector proteins secreted by T3SSs can interfere with host signaling pathways and suppress host defense responses. However, once effector proteins are recognized by host plants, a defense response called effector-triggered immunity is induced and eventually eradicates the bacterial infection. In the current study, the T3SS mutant BErhcj was able to form nodules on soybean plants of the BARC2 cultivar. This suggests that an as-yet-unidentified rhizobial effector protein secreted by the T3SS induces effector-triggered immunity in BARC2 and prevents wild-type strain USDA61 from infecting the plants and forming nodules. Similarly T3SS-mediated incompatibility has been found in the interaction between soybean plants carrying the Rj2 allele and B. japonicum USDA122 (35) .
Although there were phenotypic variations among the mutants compatible with soybean plants carrying Rj4, they all formed ma- (Table 2) . Notably, these clearly differed from the B. japonicum Is-1 genes involved in incompatibility with soybean plants carrying Rj2 (36) . This suggests that the molecular mechanisms underlying incompatibility with soybean plants carrying Rj2 and Rj4 might differ, although T3SSs have been suggested to determine both types of nodulation restriction (12, 35) .
The BE4-3 mutant carried a Tn5 insertion in the gene encoding histidine kinase, which shared similarity with fixL of Rhizobium etli CFN42 (39% identity). R. etli CFN42 FixL acts as an oxygen sensor and provides the regulatory network for fix and nif gene expression under symbiotic and free-living microaerobic conditions (37) . FixL regulates the expression of hundreds of diverse genes under symbiotic conditions (38) . It might also affect the expression of the negative factor in incompatibility with soybean plants carrying Rj4.
BE6-3 had a mutation in the gene encoding a transcriptional regulator, which shared similarity with the nwsB gene of Agrobacterium radiobacter (38% identity). The role of rhizobial NwsB appears to extend to either the activation or repression of the nodulation genes (39) . B. japonicum nwsB is a functional homolog of nodW, which is essential for the nodulation of cowpea, siratro, and mung bean, but not soybean (39) . The NodVW two-component system provides an alternative pathway for nod gene activation in NodD1 mutants, which are still able to nodulate host plants (40) (41) (42) . The redundancy of nodW and its functional homolog, nwsB, in B. japonicum might explain the weak nodulation phenotype of BE6-3, implying that the lack of nwsB might be partially complemented by nodW.
The BE3-4 mutant contained a Tn5 insertion in a DNA-binding transcriptional activator which shared similarity with gcvA of Pseudomonas fluorescens (58% identity). gcvA is the transcriptional regulator of the glycin cleavage system (GCV) (43) . Glycin or functioning C 1 metabolism is essential for the effective nodulation of soybean by B. japonicum (44) . Notably, S. fredii USDA257 failed to nodulate soybean cultivar McCall, while the gcv mutant of USDA257 was able to form nitrogen-fixing nodules on host plants (45) . This suggests that the GCV might have various effects on C 1 metabolism and alter some essential cell functions, resulting in the modification or synthesis of signal molecules that might regulate soybean cultivar specificity (45) .
In the BE2-5 mutant strain, Tn5 was inserted into the gene encoding cysteine protease, which shared similarity with xopD of Xanthomonas campestris (29% identity). XopD acts as a T3S effector and has weak ubiquitin-like modifier (SUMO) isopeptidase activity (46) . Overexpression of xopD from Xanthomonas in Arabidopsis leaves induces a host defense response that is dependent on salicylic acid (47) . This suggests that the cysteine protease of B. elkanii USDA61 identified in the current study might be a type 3 effector and stimulate the plant immune response, eventually leading to nodule restriction in soybean varieties carrying the Rj4 allele.
Recent genetic studies in soybean plants revealed that Rj4 encodes thaumatin-like proteins (17) . These proteins have been reported to have various biological functions, including antifungal activity; ␤-1,3-glucan binding and digestion activity; inhibition of xylanase, ␣-amylase, and trypsin; and protection from abiotic stresses, including cold, salinity, and drought (48) . In addition, several thaumatin-like proteins are capable of binding proteins, such as Saccharomyces cerevisiae glycoproteins and G-proteincoupled receptors, or binding hormones, like cytokinins (48) . It remains unclear how the Rj4 protein restricts nodulation with strains incompatible with soybean plants carrying the Rj4 allele and how Rj4 interferes with the rhizobial genetic components identified in the current study. Host specificity is largely determined by NF, but rhizobial surface polysaccharides are also involved in the modulation of the host range (49) (50) (51) . Rhizobial surface polysaccharides, such as exopolysaccharides, lipopolysaccharides, and cyclic glucans, have been implicated in facilitating infection thread formation and nodule development (51) . It has been proposed that surface polysaccharides play a role in the evasion or suppression of host defense responses, a feature that is shared by pathogenic and symbiotic bacteria (49) (50) (51) . Thus, one can speculate that Rj4 might recognize rhizobial cell surface components, such as extracellular polysaccharides, or recognize effector proteins directly when coming into contact on the root surface with a strain incompatible with soybean plants carrying Rj4.
Our mutant screening and sequencing analysis identified several genetic components of USDA61 involved in incompatibility with soybean plants carrying the Rj4 allele and suggests that diverse and complicated mechanisms might underlie these highly host-specific interactions. We also revealed that T3SS mutants and putative type 3 effector mutants could overcome nodulation restriction in soybean plants carrying Rj4, implying that incompatibility with soybean plants carrying Rj4 is partly mediated by effector-triggered immunity. Further analysis of mutants compatible with soybean plants carrying Rj4 and T3SSs will improve our understanding of the intraspecies host specificity in legume-rhizobium interactions.
